Treprostinil, a prostacyclin analogue, is approved for the treatment of pulmonary arterial hypertension (PAH) in adults. Transition from parenteral to oral treprostinil has been successfully accomplished in adults with PAH but not in children. In this multicenter study, pediatric patients treated with parenteral (Cohort 1) or inhaled (Cohort 2) treprostinil were transitioned to oral treprostinil. Prostacyclin-naïve individuals on background oral PAH therapy received oral treprostinil as add-on therapy (Cohort 3). Successful transition was oral treprostinil dose maintenance through week 24. Patients were monitored for adverse events (AEs), 6-min walk distance (6MWD), PAH symptoms, World Health Organization (WHO) Functional Class (FC), cardiac magnetic resonance imaging (cMRI), cardiopulmonary exercise testing (CPET), and quality of life through 24 weeks. A total of 32 patients were enrolled in the study; 23 (72%) were girls (mean age ¼ 12.2 years). All patients were on background oral PAH therapy. Overall, patients (96.9%) maintained transition to oral treprostinil; one patient (Cohort 1) transitioned to oral treprostinil, then back to parenteral after experiencing syncope and WHO FC change from II to III. Cohorts 1, 2, and 3 received a final mean oral treprostinil dose of 5.6, 3.3, and 4.5 mg t.i.d., respectively. All cohorts had variable changes in 6MWD, cMRI, and CPET. Overall, 12 serious AEs were reported. All patients had drug-related AEs including headache (81%), diarrhea (69%), nausea (66%), vomiting (66%), and flushing (56%). Pediatric patients maintained transition to oral treprostinil with preservation of exercise capacity and WHO FC. Prostanoid-related AEs were most common and similar to those reported in adults.
thrombosis; 6, 7 subcutaneous (SC) treatment frequently causes site pain, which can be severe and require analgesics. 8, 9 In addition to the parenteral route, inhalation is a common route of administration for prostacyclin therapy in patients with PAH. Although clinically effective, the inhalation system has been reported to be complex and requires frequent dosing. A recent study in stable PAH adult patients receiving IV/SQ treprostinil demonstrated that patients can be safely transitioned to oral treprostinil dosed t.i.d. without a significant decline in exercise capacity or worsening functional class (FC); 10 however, to date, data in pediatric patients are lacking.
The management of pediatric PAH remains challenging as treatment decisions continue to depend largely on results from evidence-based adult studies. Treatment efficacy in adults is commonly measured by the change in World Health Organization (WHO) classification or exercise tolerance, usually measured as the change in the 6-min walk distance (6MWD). Unfortunately, the 6MWD can be difficult to reliably assess in young children and may underestimate a child's exercise limitations. [11] [12] [13] Cardiopulmonary exercise testing (CPET) with gas exchange is a complementary non-invasive test to measure functional capacity and more accurately reflects functional status, especially in children with a 6MWD >300 m. 11, 13, 14 The primary objective of this study was to assess the safety and tolerability of oral treprostinil in cohorts of pediatric patients with PAH aged 7-17 years: (1) transitioning from IV/SQ treprostinil Always use treprostinil and never Remodulin (trade name); (2) transitioning from inhaled prostacyclin; and (3) adding oral treprostinil de novo to current PAH therapy.
Methods
Nine study centers enrolled participants in this 24-week study. Detailed enrollment criteria, measurements, and transition procedures are presented in the Supplementary Material (available online). Briefly, eligible patients aged 7-17 years and weighed at least 22 kg. Patients had a current diagnosis of PAH (WHO Group 1) and were receiving IV/SQ treprostinil (25 to 125 ng/kg/min), inhaled prostacyclin, or other background PAH therapy (e.g. phosphodiesterase type 5 inhibitor [PDE5-I] or endothelin receptor antagonist [ERA] for at least 90 days) with stable doses for 30 days. The goal was to enroll lower-risk pediatric patients that demonstrated WHO FC I, II, or IIIa symptoms with stable PAH confirmed by prior right heart catheterization (RHC) with the following parameters: mean pulmonary arterial pressure (mPAP) of !25 mmHg, pulmonary vascular resistance index (PVRi) of >3 Wood Units*m 2 , and left ventricular end-diastolic pressure (LVEDP) or pulmonary capillary wedge pressure (PCWP) of 15 mmHg. Patients felt to be high risk due to higher doses of PAH therapy or who may be less compliant with three times a day drug dosing were not encouraged to enroll.
Patients were treated by cohort based on their PAH treatment at the time of enrollment as follows: transitioning from IV/SQ treprostinil (Cohort 1); transitioning from inhaled prostacyclin (Cohort 2); and treated with oral treprostinil as add-on to current PAH therapy in de novo prostacyclin patients (Cohort 3) (Fig. 1) . The legal guardians of all 32 patients (all aged <18 years) provided written informed consent to participate and the patients provided written assent after an independent institutional review board approved the study protocol, which conformed to the ethical guidelines of the 1975 Declaration of Helsinki.
The primary endpoint in this study was the safety and tolerability of transitioning patients from IV/SQ treprostinil to oral treprostinil (Cohort 1) or from inhaled prostacyclin (Cohort 2), which were based on the percentage of patients successfully transitioning to oral treprostinil. A successful transition was defined as a subject from Cohort 1 or 2 who received oral treprostinil and was no longer receiving IV/SQ treprostinil or inhaled prostacyclin, respectively, at week 4 and was clinically maintained on oral treprostinil treatment through week 24. A successful initiation of oral treprostinil (Cohort 3) was defined as a patient who was clinically maintained on oral treprostinil through week 24. Secondary endpoints included CPET, symptoms of PAH, FC, 6MWD, Borg dyspnea score, quality of life assessed via the Pediatric Quality of Life Inventory (PedsQL TM ), plasma N-terminal pro-brain natriuretic peptide (NT-proBNP) levels, cardiac magnetic resonance imagining (cMRI) parameters, and descriptive evaluation of PK (to be published separately).
All patients received oral treprostinil provided as 0.125, 0.25, 1, or 2.5 mg extended-release tablets t.i.d. or q.i.d. at the discretion of the investigator. Dosing occurred approximately every 6-8 h for t.i.d. dosing or approximately every 4-6 h for q.i.d. dosing, with adjustments permitted based on the patient's lifestyle and schedule. Study individuals were instructed to take their study drug at approximately the same time each day, with food. After baseline assessments were completed, participants in Cohort 1 began the transition from IV/SQ treprostinil in the hospital with a goal of complete transition to oral treprostinil within five days. The initial dose of oral treprostinil for Cohort 1 was calculated from the patient's dose of IV/SC treprostinil and weight using the formula: oral treprostinil total daily dose (mg) ¼ 0.0072 Â treprostinil dose (ng/kg/min) Â weight (kg). Individuals in Cohorts 2 and 3 were initiated on 0.125 mg t.i.d. or q.i.d. oral treprostinil with dose escalations possible every 24 h in increments of 0.125 mg t.i.d. or q.i.d. at the discretion of the Investigator during the first four weeks and in increments of either 0.125 mg or 0.25 mg every 24 h thereafter. Oral treprostinil was increased to the maximum tolerated dose, which was assessed by patient side effects. Cross titration occurred for Cohorts 1 and 2, such that doses of IV/SQ treprostinil or inhaled prostacyclin were decreased as patients were fully transitioned to oral treprostinil.
Patients were evaluated by up to seven study visits during the 24-week study at the following time points: screening, baseline, week 0 (Cohort 1 only; inpatient hospital stay days 1-5), week 3, week 6, week 12, and week 24. Patients who terminated the study early were asked to return to the study center for a final evaluation.
Statistical methods
A sample size of approximately 40 pediatric PAH patients aged 7-17 years (25 transition [IV/SQ treprostinil and inhaled] patients and 15 de novo prostacyclin patients) enabled an initial assessment of the safety and tolerability in this participant population for: (1) transition from moderate to high doses of IV/SQ treprostinil to oral treprostinil; (2) transition from inhaled prostacyclin to oral treprostinil; and (3) initiation of oral treprostinil as add-on therapy in de novo prostacyclin patients.
The safety and tolerability of transitioning participants from IV/SQ treprostinil to oral treprostinil (Cohort 1) or from inhaled prostacyclin (Cohort 2) was based on the percentage of individuals successfully transitioning to oral treprostinil. Analysis of secondary endpoints was descriptive in nature. Numeric endpoints for post-baseline assessments were compared to baseline using Wilcoxon signed rank test. P values were calculated for descriptive purposes; no formal hypothesis testing was planned.
Results
A total of 32 participants were screened and enrolled in the study: 10 patients in Cohort 1; 10 patients in Cohort 2; and 12 patients in Cohort 3 ( Table 1 ). All 32 participants received at least one dose of oral treprostinil. Due to enrollment difficulties, the study was halted after 32 patients were enrolled. Thirty-one participants completed the study; 1 patient in Cohort 1 discontinued prematurely due to a serious AE (syncope). This patient was initiated on i.v. treprostinil due to moderate to severe PAH and syncope; after entering the study, the patient experienced syncope again. She was transitioned back to i.v. treprostinil. Participants in Cohorts 1, 2, and 3 received a final mean (AESD) study dose of 5.6 mg (AE3.1), 3.3 mg (AE0.85), and 4.5 mg (AE2.1) t.i.d., respectively, which was substantially higher by weight compared with doses achieved in adult studies of oral treprostinil (Table 2) . Only one patient (Cohort 3) required adjustment of background therapy and one patient received q.i.d. dosing (Cohort 3).
Efficacy
Overall, CPET was unchanged during transition to oral treprostinil. Although not statistically significant, 6MWD was slightly longer at all time points, resulting in a median numerical increase of 16.0, 19.0, and 23.5 m for Cohorts 1, 2, and 3, respectively, at week 24 (Table 3) . Overall, across all cohorts, 20 participants (six each in Cohorts 1 and 2 and eight in Cohort 3) had improvements while 12 participants (four in each cohort) had reductions in 6MWD. Total recovery time following the 6-min walk test (6MWT) was unchanged for all cohorts transitioning to oral treprostinil; median change from baseline varied by no more than 1.5 min at any time point. At week 24, median HR immediately upon stopping the 6MWT was comparable to baseline Oral treprostinil dose was calculated as the sum of all doses given on the designated day divided by the total number of doses given that day. PAH, pulmonary arterial hypertension; SD, standard deviation.
in all three cohorts. There were no remarkable changes in oxygen saturation (Table 4) . There was no effect on Borg dyspnea score and no consistent trends to indicate worsening of PAH symptoms in participants transitioning to oral treprostinil except for a minor increase in fatigue for Cohort 1. At week 24, fatigue grade compared with baseline in Cohort 1 was unchanged for five participants and deteriorated for four participants (two from none to mild; one from mild to moderate; and one from none to severe).
Cardiac MRI was also conducted to evaluate the ventricular size and function with oral treprostinil at baseline and again at week 24. All cMRI studies were performed using a 1.5-T scanner (Siemens Medical Solutions, Erlanger, Germany; Philips Medical Systems, Best, Netherlands). Standard short-axis and horizontal long-axis SSFP cine images were obtained with breath-holding during expiration using a retrospectively gated steady-state free precession sequence. Depending on the size of a patient, the parameters varied as follows: slice thickness ¼ 6-10 mm; TE ¼ 1.1-1.5 ms; TR ¼ 2.8-3.5 ms; and resolution ¼ 1.2-1.4 mm. The endocardial border was manually traced through standard short-axis images with coverage of the ventricles from base to apex as described previously at end-systole and end-diastole using Qmass 7.6 software 15 (Medis, Leiden, The Netherlands). There were no consistent trends in either RV or left ventricular ejection fraction (LVEF) to indicate a change from baseline after oral treprostinil treatment, except a slight but significant decrease in LVEF in Group 3 (Table 4 ). This was also true of cardiac output (data not shown).
Quality of life
Thirty-two pediatric participants completed baseline quality of life (Pediatric Quality of Life Inventory, PedsQL TM ) assessments and 31 participants completed the assessments at week 12 and week 24. Social function and school function did not change from baseline to week 24. However, physical function, emotional function, psychosocial health, and total score improved significantly from baseline to week 24 when evaluated across all cohorts (Fig. 2a) .
In addition, 32 parents completed baseline quality of life assessments and 31 parents completed week 12 and week 24 assessments. Physical function, school function, psychosocial health, and total score did not change. However, emotional function and social function improved significantly from baseline to week 24 when evaluated across all cohorts (Fig. 2b) .
Safety
All participants experienced at least one AE (89, 88, and 146 AEs in Cohorts 1, 2, and 3, respectively) and at least one AE attributable to oral treprostinil (67, 55, and 84 AEs in Cohorts 1, 2, and 3, respectively) ( Table 5 ). Serious treatment-emergent adverse events (TEAEs) were reported for 5 (50.0%) participants in Cohort 1 and 4 (33.3%) participants in Cohort 3. One patient in Cohort 1 discontinued the study prematurely due to an AE of syncope. No TEAEs led to background therapy discontinuation and no deaths were reported. There were no clinically relevant changes in laboratory parameters, vital signs, or ECG parameters over the course of the study in any of the three cohorts. For Cohort 1, the most commonly reported TEAEs while transitioning from IV/SQ treprostinil were: vomiting (90% of patients); nausea (70% of patients); diarrhea, flushing, and headache (60% of patients for each); upper abdominal pain (40% of patients); and dizziness (30% of patients).
All TEAEs were considered related to oral treprostinil administration.
For Cohort 2, the most commonly reported TEAEs while transitioning from inhaled prostacyclin were: headache (80% of patients); diarrhea (70% of patients); cough, Table 5 . Overall summary of adverse events.
Number of participants with at least one: nausea, and vomiting (50% of patients for each); and flushing, upper abdominal pain, and viral upper respiratory tract infection (40% of patients for each). Diarrhea and headache (60% of patients each), nausea and vomiting (50% of patients each), and flushing and upper abdominal pain (40% of patients each) were considered related to oral treprostinil administration. For Cohort 3, the most commonly reported TEAEs while adding oral treprostinil as a de novo prostacyclin treatment were: headache (100% of patients); diarrhea and nausea (75% of patients for each); flushing (67% of patients); vomiting (58% of patients); pain in jaw (50% of patients); chest pain, pain in extremity, and upper abdominal pain (42% of patients for each); dizziness and dyspnea (33% of patients for each); and fatigue (25% of patients). Headache (100% of patients), nausea (75% of patients), diarrhea, flushing, and vomiting (58% of patients each), pain in jaw (50% of patients), dizziness (33% of patients), and dyspnea, fatigue, and upper abdominal pain (25% of patients each) were considered related to oral treprostinil administration.
Most TEAEs were mild: 55/89 TEAEs, 60/88 TEAEs, and 100/146 TEAEs in Cohorts 1, 2, and 3, respectively. Severe TEAE were experienced by 4 (40%; 7/89 TEAEs), 1 (10%; 2/88 TEAEs), and 3 (25%; 7/146 TEAEs) patients in Cohorts 1, 2, and 3, respectively. Individual severe TEAEs were limited to one or two participants across the cohorts. Moderate TEAE were experienced by 10 (100%; 27/89 TEAEs), 4 (40%; 26/88 TEAEs), and 8 (67%; 39/146 TEAEs) patients in Cohorts 1, 2, and 3, respectively.
A total of 5 (50%) individuals in Cohort 1 experienced six SAEs and 4 (33.3%) participants in Cohort 3 experienced six SAEs. For Cohort 1, SAEs of seizure (two patients) and device-related infection, stoma site infection, and syncope (one participant each) were reported. For Cohort 3, the SAEs were chest pain (two patients), bronchial hyperreactivity, dyspnea, pneumonia, and tachycardia (one participant each). Of these, one individual in Cohort 1 (syncope) and one participant in Cohort 3 (chest pain and dyspnea) had SAEs that were attributed to oral treprostinil.
Pharmacokinetic parameters of treprostinil were collected and the results are reported elsewhere.
Discussion
Safety and tolerability of oral treprostinil extended-release tablets were similar to adults in this study of pediatric PAH patients aged 7-17 years. Whether transitioning from IV/SQ treprostinil (Cohort 1), inhaled prostacyclin (Cohort 2), or initiating de novo treprostinil therapy orally (Cohort 3), nearly all participants (n ¼ 31; 96.9%) were maintained on oral treprostinil through 24 weeks. All patients but one maintained or improved WHO FC and one participant required background therapy adjustment. All individuals had drug-related AEs. Overall, 12 serious AEs were reported; one patient (Cohort 1) experienced repeat syncope and transitioned back to parenteral treprostinil. There were no significant efficacy results shown in the secondary objective measures. All cohorts had numerical improvements in 6MWD but did not reach statistical significance (20 participants had improvements while 12 (four in each cohort) had reductions in 6MWD). Of note, the 6MWD was normal or near normal at baseline as all cohorts were receiving treatment; therefore, significant improvement was not anticipated. There was a lack of clear improvement in Cohort 3 patients where oral treprostinil was used as an add-on therapy in patients already receiving other oral treatments. No remarkable declines in PAH symptoms or Panama/WHO FC were noted. Additionally, overall quality of life improved over 24 weeks of treatment with oral treprostinil.
The percentage of participants with AEs were high, especially for prostacyclin-related AEs; however, the AE profiles are consistent with the administration of oral treprostinil and the rate of AEs in this study was similar to the AE rate in a transition study in adult patients. 10 The majority of the AEs occurred during the first four weeks following the initiation of oral treprostinil. The rate of AEs decreased over time.
The major limitation of this study is the open-label, uncontrolled design and lack of placebo group. Additionally, the sample size was relatively small. Another comparable open-label, uncontrolled study evaluated bosentan, a dual ERA, in a similar pediatric patient population for 12 weeks, showed no significant changes in exercise capacity or WHO FC but did show improvements in hemodynamics. 16 Therefore, in lieu of a control group, the duration of treatment and observation in this study was extended to 24 weeks. An additional limitation of the study is the subjective nature of the definition of ''successful transition.'' The definition of success was similar to previously published transition studies (i.e. that the participant had not deteriorated during the 24 weeks and wished to continue oral treprostinil). [16] [17] [18] However, this assessment was supplemented by evaluating secondary endpoints such as CPET, symptoms of PAH, FC, 6MWD, Borg dyspnea score, and quality of life. As such, it is important to carefully evaluate patients (e.g. starting dose of IV/SQ therapy and FC) when considering treatment with oral treprostinil. All patients had significant treatment-related side effects, including gastrointestinal (GI) side effects and headache. Some patients had fewer GI side effects if oral treprostinil was taken with increased calories or fiber. Long-term data are needed to evaluate for sustained safety, tolerability, and treatment effect.
In conclusion, the AE profile of oral treprostinil was similar to that reported in adult populations and all children reported GI side effects and/or headaches. The safety results indicated that some pediatric patients with stable PAH, in FC I or II, can be transitioned from parenteral to oral treprostinil and maintained for at least six months. Overall, these data may help inform clinicians seeking a more convenient route of treprostinil administration for their pediatric patients.
